Abstract: The objective of this study is to evaluate the rheological properties and chemical bonding of nano-modified asphalt binders blended with nanosilica. In this study, the nanosilica was added to the control asphalt at contents of 4% and 6% based on the weight of asphalt binders. Superpave binder and mixture tests were utilized in this study to estimate the characteristics of the nano-modifed asphalt binder and mixture. The rotational viscosity (RV), dynamic shear rheometer (DSR), bending beam rhometer (BBR), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), asphalt pavement analyzer (APA), dynamic modulus (DM) and flow number (FN) tests were used to analyze rheological properties and chemical bonding changes of the nano-modified asphalt binder and the performance of the nano-modified asphalt mixture. In addition, the performance of nano-modified asphalt after rolling thin-film oven (RTFO) short-term and pressure-aging vessel (PAV) long-term aging was assessed as well. The dissipated work per load cycle for the asphalt binder was used to evaluate the rheological properties of the nano-modified asphalt binder. Based on the binder test results, it was found that the additional nanosilica in the control asphalt binder slightly decreased the viscosity of the control asphalt binder, maintained low dissipated work per load cycle, held a similar low-temperature performance to the control asphalt, and had a positive effect on antioxidation. From the mixture test results, the dynamic modulus and flow number of nano-modified asphalt mixtures improved, and the rutting susceptibility of nano-modified asphalt mixtures was reduced compared to the control asphalt mixture. In general, the findings from this study show that the antiaging property and rutting and fatigue cracking performance of nanosilica modified asphalt binders are enhanced, and the addition of nanosilica in the control asphalt mixture significantly improves the dynamic modulus, flow number, and rutting resistance of asphalt mixtures.
Introduction
Asphalt has a complicated chemical composition, which exhibits both viscous and elastic properties that heavily depend on both time and temperature (Yildirim 2007; Peters et al. 2010) . Researchers and engineers have been trying to use various kinds of modifiers to modify and improve the asphalt materials' performance, including styrene butadiene styrene (SBS) (Cortizo et al. 2004; Al-Hadidy and Yi-qiu 2011) , styrene-butadiene-rubber (SBR) (Zhang et al. 2005; Zhang et al. 2009 ), ethylene glycidyl acrylate (EGA) terpolymer (Yildirim 2007) , crumb rubber (Shen et al. 2009; Xiao et al. 2009 ), organo-montmorillonite (Yu et al. 2007a; Sun et al. 2008; Yu et al. 2009 ), waste tire rubber (Goulias 2001; Cao 2007) , and fibers and waste fibers (Putman and Amirkhanian 2004; Anurag et al. 2009; Peters et al. 2010) . SBR has been widely utilized as a binder modifier, usually as a latex disperser. According to the reports of the U.S. Federal Aviation Administration, SBRmodified asphalt binder can optimize the properties of asphalt concrete pavement and seal coats. It can also improve the lowtemperature, elastic recovery, and adhesive and cohesive performance of the pavements. When the SBR is mixed with asphalt, it is rapidly and uniformly melted and forms the reinforced network structure (Zhang et al. 2005; Yildirim 2007; Zhang and Yu 2010) . In addition, EGA terpolymer can react with asphalt as a modifier. Based on the research conducted by Yildirim et al., EGA terpolymer can improve the moisture damage potential of asphalt mixtures, and it has a higher fracture temperature in combination with granite (Yildirim 2007) . Some researchers have used the diatomite and cellulose to modify the asphalt binder, and the results show that its high-temperature and low-temperature performance can be improved (Peters et al. 2010; Cong et al. 2012 ). Previous research also shows that the organo-montmorillonite has positive effects on the aging performance of asphalt. It can be well dispersed into the asphalt and polymer matrix. The addition of organomontmorillonite can lead to enormous reinforcements of thermal and mechanical properties of asphalt binders (Zhang et al. 2005; Yu et al. 2007a, b; Yu et al. 2009; Zhang et al. 2009 ).
Styrene butadiene styrene (SBS) is most widely used as a modifier around the world. Many researchers tried to investigate the microstructure and pavement performance of SBS modified asphalt binder (Cortizo et al. 2004; Al-Hadidy and Yi-qiu 2011; Zhang et al. 2011) . The results show that SBS modified asphalt significantly improves the fatigue cracking and low-temperature performance (Yildirim 2007; Larsen et al. 2009 ). Research has used waste materials as asphalt additives, such as waste fibers, waste tire rubber, waste plastic, and tall oil pitch (Hansen et al. 2000; Lindberg et al. 2008; Arabani et al. 2010) .
Nanotechnology is a promising and creative technique in the material industry, and nanomaterials have been widely applied to the various fields of the entire world. The carbon nano-fiber was used for the asphalt binder modification. The mixing procedure, vicsoelastic, and fatigue characteristics of control and carbon nanofibers (CNFs) modified asphalt binder were investigated in the research. From the viscosity and dynamic shear rheometer (DSR) test results, the viscoelastic response and rutting resistance of CNFs modified asphalt binder were improved, as well as the fatigue life (Khattak et al. 2011 (Khattak et al. , 2012 . Raw SWNT (single-wall nanotube) materials were adopted to modify the asphalt binder. The tests including viscosity and DSR were conducted to evaluate the high-temperature performance of the modified asphalt binder. The performance grade temperature of the modified asphalt binder increased and the low thermal sensitivity of the modified asphalt binder was observed. In addition, the elastic component of complex shear modulus in the modified asphalt binder was higher than the control asphalt binder (Shiman et al. 2011) . The various contents (0.5, 1.0, and 1.5% by weight of the base asphalt binder) of carbon nanoparticles were used to modify the control asphalt binder (five binder sources: PG . The rheological characteristics of modified asphalt binders after the rolling thinfilm oven (RTFO) processing were studied, including the failure temperature, performance grade, and creep recovery. The results of these tests indicate the improvement of complex shear modulus, failure temperature, and elastic modulus in the modified asphalt binders. Additionally, the binder source dose significantly influences the rheological properties of modified asphalt binders (Xiao et al. 2011) . Recently, the nonmodified nanoclay (NMN) and polymer modified nanoclay (PMN) were used as the additives to modify the asphalt binder. The rotational viscosity, DSR, and SEM were employed to test the performance of modified asphalt binders. The test results show that the additional nonmodified nanoclay increased the viscosity and complex shear modulus of the modified asphalt binder, and the addition of polymer modified nanoclay slightly decreases the viscosity and complex shear modulus of the modified asphalt binder. The rutting resistance performance of NMN and PMN modified asphalt binder and mixture may be improved through the binder microstructure changing (Yao et al. 2012) . In addition, the nanoclay also has recently been used for asphalt modification. With the addition of nanoclay in the asphalt binder, the high-temperature of modified asphalt binders improves (You et al. 2011 ). The asphalt mixtures modified by polysiloxane-modified montmorillonite and/or carbon microfiber can decrease the moisture susceptibility of asphalt mixture (Shi et al. 2012) . Nanosilica material (NS) has been applied to medicine, drug delivery, and engineering. The merits of nanosilica (chemical formula SiO 2 ) material are the low cost of production and high performance features (Lazzara and Milioto 2010) . Nanosilica is a relatively new inorganic material that is used due to its potentially beneficial properties (e.g., huge surface area, strong adsorption, good dispersal ability, high chemical purity, and excellent stability). Nanosilica has been used as an additive, catalyst carrier, rubber strength agent, plastic filler, and as a graphite viscosity agent, among other uses in various industries. Due to these potentially beneficial properties, nanosilica has the potential to be used as an asphalt modifier for improving asphalt performance.
In this study, the nanosilica was used to modify the control asphalt binder. It was added into the control asphalt binder at concentrations of 4% and 6% by weight of the base asphalt binder. Asphalt binder and mixture tests such as the rotational viscosity (RV), dynamic shear rheometer (DSR), bending beam rheometer (BBR), asphalt pavement analyzer (APA), dynamic modulus (DM) and flow number (FN) tests were conducted to evaluate the performance, and microstructure examinations of the nano-modified asphalt binder (NMA) were carried out using scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR). Details of the tests and discussions of the results obtained from the testing are found in the following sections. (Xu and Huang 2010a, b) . FTIR spectra are recorded by Jasco IRT 3000 FTIR spectrometer. For the measurement in the transmission mode, a silicon substrate with 350 μm thickness was used and the thin asphalt binder sample was spread on the silicon substrate. 5. Scanning electron microscope (SEM): In order to observe the surface morphology and analyze microstructure characteristics of nanosilica, an Hitachi S-4700 field emission scanning electron microscope (FE-SEM) was used in the study (Probst et al. 2007 ). The Hitachi S-4700 FE-SEM is a cold field emission, high-resolution, scanning electron microscope. Images of control and nano-modified asphalt binders were taken by using a Hitachi SU6600 FE-SEM equipped with a cryogenic stage. The binder samples were flash frozen using liquid nitrogen and then placed in the SEM chamber at −26°C under a pressure of 30 Pa. The cryogenic stage was used in order to reduce changes in the binder structure due to heating by the 20-kV electron beam used during examination. 6. Dynamic modulus (E Ã ): According to Report 465 of National Cooperative Highway Research Program (NCHRP) (Witczak et al. 2002) , three candidate simple performance tests (SPTs) were recommended to evaluate the overall performance of asphalt mixtures, including the dynamic modulus, flow time and flow number tests. The report also concluded that these laboratory tests have good correlation with the occurrence of pavement distress in the field pavements and prediction for rutting and fatigue cracking. The dynamic modulus test monitors the relationship between the stress and strain under a continuous sinusoidal loading for linear viscoelastic materials, and the relationship is defined as dynamic modulus (jE Ã j). It is mathematically calculated using the maximum (peak) dynamic stress (σ 0 ) divided by the peak recoverable axial strain (ε 0 ) (Witczak et al. 2002; Witczak 2007) :
Experimental Procedures
where E Ã = dynamic modulus; ϕ = phase angle; σ 0 = applied stress amplitude; and ε 0 = measured strain amplitude with linear variable displacement transducers (LVDTs); t i = time lag between stress and strain cycles; and t p = time for a stress cycle.
In this study, according to American Association of State Highway and Transportation Officials (AASHTO) TP62, an IPC universal testing machine (UTM-100) was used in this research. The test was conducted under the temperatures of −10°C, 4°C, 21.3°C, and 39.2°C and at the frequencies of 25, 10, 5, 1, 0.5, and 0.1 Hz. 7. Asphalt pavement analyzer (APA) rutting: Laboratory wheeltracking devices are used to simulate and evaluate the mixture stripping and rutting potential. These accelerated tests require less time and effort to measure the rutting performance of asphalt mixtures and predict the field performance . In this study, according to AASHTO TP63-03, asphalt pavement analyzer (APA) was used to test the rutting depth of the asphalt mixture. The test was carried out under the condition of 58°C and 8,000 loading cycles. 8. Flow number: The repeated load flow number (F n ) test, a dynamic creep test, is used to measure the specimen's permanent strain under a haversine type of loading. The cumulative permanent strain curve can be separated into three areas: primary, secondary, and tertiary. Flow number, a cycle number, indicates the beginning of tertiary flow. Flow number, also a simple performance test, can be correlated with rutting potential (Witczak et al. 2002 (Witczak et al. , 2007 . From the literature review , in this study, a new stepwise method was used to determine the flow number. Based on the average annual air temperature of Michigan, an average of T eff . rutting of 45°C was obtained from the Michigan Department of Transportation (MDOT) report. The temperature was also selected in the test. The air void of asphalt mixture samples was 7% AE 1%, and the standard samples are 100 mm in diameter and 150 mm in height.
Experimental Materials

Nanosilica
In this research, the nanosilica was purchased from MTI Corporation (U.S.A.) without further treatment, featuring a bulk density of 0.063 g=cm 3 , maximum size of about 30 nm, and surface area of about 440 m 2 =g (He and Shi 2008). In most cases, the Si atom centers at the tetrahedron with four oxygen atoms surrounding the Si atom. Quartz crystalline form of silica SiO 2 is common and all four oxygen atoms are shared with others (Iler 1979; Greenwood and Earnshaw 1998; Wiberg et al. 2001 ). In addition, the nanosilica is presented in the form of quartz and cubic polymorph ( Fig. 1) . From the FE-SEM images of nanosilica and nanosilica modified asphalt binders ( Fig. 1 ), some agglomerations can be seen in the nanosilica material and asphalt binder, but for the most part the material is well dispersed in the asphalt binder. The agglomerations can be attributed to the Ostwald ripening phenomenon (Mrotzek and Nembach 2008; An et al. 2012 ) and van der Waals attraction force. Ostwald ripening is a phenomenon in which small crystals or solution particles dissolve and redeposit onto larger crystals or solution particles. If some of the nanosilica particles agglomerated, they would be in the order of micrometers instead of nanometers. However, some of nanosilica would stay at the nanometer size, and exhibit a large surface area. Potentially, the chemical reactions would be accelerated. From the spectra analysis, the Si-O (Si) asymmetric stretching bands located at 1,085 cm −1 and the asymmetric vibration of Si-O (H) is near 975 cm −1 . The results of FTIR spectra ( Fig. 2) are consistent with this.
Control Asphalt and Modified Asphalt Binders
The control asphalt binder PG 58-34 was obtained from a pavement project in Gladstone, Michigan. It was noted that the control PG 58-34 asphalt had been modified with acrylonitrile butadiene styrene (ABS) to improve the compatibility between polymer and asphalt (Cortizo et al. 2004 ) and thermal degradation (Dong et al. 2001 ). This control binder was modified with nanosilica in the lab. The nanosilica material was added into the control asphalt binder at concentrations of 4% and 6% by weight of the control asphalt binder, and mixed in the high shear rate machine (Silverson L4RT-A Laboratory Mixer). It was observed that once the nanosilica had dispersed and melted in the control asphalt binder, the surface of the asphalt binder had a few floating bubbles. During the mixing, the binder samples were kept at 130°C and blended using a shear rate of 4,000 revolutions per minute (rpm) for two hours.
Results and Discussion
Rotational Viscosity Test Results of Asphalt Binders asphalt binder decreases by an average of 4%. Meanwhile, it is evident that viscosity values at the Superpave standard specification temperature of 135°C were passed, and nanosilica modified asphalt had viscosity values lower than the maximum limit of 3 Pa. In addition, the mixing process of nanosilica modified asphalt binder suggest that those chemical reactions and physical dispersion are likely to happen, and a new network structure might be formed (demonstrated later). Due to the temperature resistance of nanosilica, the viscosity of modified asphalt binder decreases slightly. Furthermore, nanosilica holds the potential to strengthen the control asphalt binder and to improve the recovery ability when stress is applied.
Complex Shear Modulus (jG j) Test Results of Asphalt Binders
Dynamic shear rheometer (DSR) is used to characterize the viscous and elastic behavior of asphalt binders at high temperatures. From the parallel plate tests, the average complex shear modulus (jG Ã j) and phase angle (δ) of asphalt binders can be determined (Goh et al. 2007; You et al. 2011) . For rutting dissipated work, the calculation equation (Bahia and Anderson 1995; Brown 2009 ) is shown in Eq. (2), and for fatigue cracking dissipated work, the calculation equation (Bahia and Anderson 1995; Brown 2009 ) is shown in Eq. (3):
where Wc = work dissipated per load cycle; σ = stress applied during load cycle; ε = strain during load cycle; G Ã = complex shear modulus; and δ = phase angle In addition, with each cycle, when the load is applied, the work from each loading is applied into the pavement. A portion of the work is reflected as elastic rebound. However, the remaining work is transferred into permanent damage, such as rutting, fatigue cracking and crack propagation. Therefore, the low work dissipated per loading cycle indicates the good performance of resistance to rutting and fatigue cracking (Asphalt Institute 2003) . However, in this research, the strain controlled model of test was adopted to compute the rutting and fatigue cracking dissipated work of the asphalt binder. Thus, the high dissipated work per load cycle of Fig. 1 . FE-SEM microstructure images of nanosilica, control and nanosilica modified asphalt; (a) SEM image of nanosilica at 3; 000× magnification; (b) SEM image of control asphalt binder at 500× magnification; (c) SEM image of 4% nanosilica modified asphalt binder at 500× magnification; (d) SEM image of 6% nanosilica modified asphalt binder at 500x magnification the asphalt binder is better for the rutting resistance performance, and the low dissipated work per load cycle in the asphalt binder is better for the fatigue cracking prevention performance. Fig. 4 demonstrates that the control asphalt binder has higher complex shear modulus than that of nanosilica modified asphalt binder. With the addition of nanosilica into the control asphalt, the complex shear modulus decreases by an average of 20%. Meanwhile, considering the high rigidity of nanosilica, with the addition of nanosilica in the control asphalt binder, it can be obtained from lower complex shear modulus results and the phenomena during the binder mixing that the chemical reactions and physical dispersion happened and a new structure of asphalt binder was formed. Note that the potential reactions may include those between the surface −OH groups of nanosilica and certain chemical groups in the asphalt binder. Because of the presence of silane coupling agent (ABS) (Kim et al. 2003; Chotirat et al. 2007 ), the hydroxyl groups on the inorganic nanoparticles convert to various organic functional groups (Sugimoto 2000; Ding et al. 2009 ). That reacting hydroxyl with silane coupling agents leads nanosilica from hydrophilic surfaces to hydrophobic surfaces (Sugimoto 2000; Ding et al. 2009 ). That microstructure causes the lower complex shear modulus and resists more fatigue cracking at high temperatures. Additionally, the dissipated work per load cycle of rutting was calculated and shown in Fig. 5 . Fig. 5 shows the amounts of dissipated work per loading cycle of nanosilica modified asphalt binder are lower than the control asphalt binder. In other words, the low work of nanosilica modified asphalt binders may be transferred into the forms of distresses when the loading is applied. The addition of nanosilica into the control asphalt binder may improve the recovery ability of asphalt binders. In addition, due to the modification of nanosilica, modified asphalt binder may absorb more work and transfer more work, and the mechanical performance and fatigue cracking prevention of asphalt binders may be enhanced. Therefore, the nanosilica modified asphalt binder potentially may have better rutting resistance performance relative to the control asphalt binder.
Dynamic Shear Rheometer (DSR) Results of Original Asphalt Binders
Dynamic Shear Rheometer (DSR) Results of Asphalt Binders after RTFO Aging
From Fig. 6 , the complex shear modulus master curves of nanosilica modified asphalt binder and control asphalt binder are represented. It is noticed that with the addition of nanosilica in the control asphalt binder, the complex shear modulus of nanomodified asphalt binders decreases slightly after RTFO aging process. With the addition of 4% nanosilica in the control asphalt binder, the complex shear modulus decreases by an average of 8% while 6% nanosilica modified asphalt binder decreases by an average of 12%, the modulus values are so close in the nanosilica modified asphalt binder. During the mixing and heating process, nanosilica may react chemically with the control asphalt binder, and the more stable structure is formed from the FTIR test results below. As such, the modified asphalt can become more viscous and feature low complex shear modulus after RTFO aging. The dissipated work per load cycle of rutting influence was calculated and shown in Fig. 7 . Fig. 7 shows that the dissipated work of nanosilica modified asphalt binder is lower than the control asphalt binder after RTFO aging process. In addition, from the work standpoints and microstructure images, nanosilica is melted homogeneously in the control asphalt binder and improves the recovery ability of the binder. When the loading is applied, the remaining work in the nanosilica modified asphalt is less and the less work converts to the distress of asphalt binder. Therefore, with the addition of nanosilica into the control asphalt binder, the performance of resistance to rutting in the nano-modified asphalt mixture can be improved. Fig. 8 shows that with the addition of nanosilica in the control asphalt binder, the complex shear modulus of nano-modified asphalt binders decreases slightly at the high temperatures after PAV aging process. However, the complex shear modulus increases significantly at around 21.3°C and 13°C. At high temperatures, the nanosilica modified asphalt binder can absorb and transfer more work, as well as preventing the fatigue cracking. Meanwhile, it shows more recovery performance during the loading cycles. At around 13°C, the nanosilica modified asphalt binder may become stiffer than the control asphalt binder, but that does not influence the low temperature performance.
Dynamic Shear Rheometer (DSR) Results of Asphalt Binders after PAV Aging
The nanosilica modified asphalt binder at 39.2°C (a relatively high temperature) showed outstanding performance. The potential explanation is provided as follows. Inorganic nanoparticles have demonstrated great potential to mitigate the aging of polymeric materials (Odegard et al. 2005; Balazs et al. 2006) , which is typically initiated by thermal scissions of carbon-carbon (C-C) bonds associated with a transfer of hydrogen radical at the site of scission. Once mixed, the nanoparticles and polymer chains can strongly interact through the branching effect, nucleation effect, size effect, and surface effect, markedly slowing down the polymer's aging process and increasing the decomposition temperature. Nanomaterials with low surface potential work can migrate to the surface of composites at elevated temperatures and serve as a heating barrier to protect host polymers in the cases such as: organomodified-MMT/rubber (Sun et al. 2008 ) and nano-silica ðSiO 2 Þ=rubber system (Peng et al. 2007; Chen et al. 2008 ). Asphalt binder is mostly a polymeric system and the benefits of nanosilica to the aging resistance of asphalt are thus anticipated.
One recent study reported that when added at 4wt% nano-SiO 2 was homogenously distributed throughout the natural rubber matrix in a form of a spherical nanocluster with an average size of 80 nm, which significantly enhanced the rubber's thermal resistance. The authors however also reported the possible side effects of nanosilica addition to rubber especially its low temperature properties and heat accumulation of the nanocomposite, which may explain the poor effects of nanosilica modified asphalt at 13°C (Chen et al. 2008 ). The nanosilica modified asphalt binder at 13°C temperature starts to appear to be brittle in the test, and the BBR test results of nanosilica modified asphalt demonstrate the coincidence with 13°C modulus result. In addition, the fatigue cracking dissipated work of nanosilica modified asphalt binder and control asphalt binder is calculated and shown in Fig. 9 .
From Fig. 9 , it can be seen that nanosilica modified asphalt binder has lower dissipated work than the control asphalt binder at 39.2°C. However, at 21.3°C and 13°C, the control asphalt binder almost has the same dissipated work as nanosilica modified asphalt binders. The dissipated work of nanosilica modified asphalt binder is higher than the control asphalt binder. After the PAV aging process, the fatigue cracking performance becomes more important. From the work perspective, the nanosilica can delay the aging effect of modified asphalt binders and hold more prevention from the fatigue cracking distress. Fig. 10 shows the creep stiffness of nano-modified asphalt binder and control asphalt binder in the bending beam rheometer test. It demonstrates the ability of stress relaxation and low temperature performance in the nano-modified asphalt binder. The control asphalt binder has higher deflections and lower creep stiffness than the nanosilica modified asphalt binders. These results reflect the work perspective of modified asphalt binder at 13°C after the PAV aging process. In addition, from Table 1 , the stiffness of control and nano-modified asphalt binders at the 60-second loading time are lower than 300 MPa and all m-values at the 60-second mark are higher than 0.300. All passed the Superpave specification requirements. The low-temperature grade of the nanosilicamodified asphalt binder is the same as the control asphalt. So, the additional nanosilica in the control asphalt does slightly affect the low-temperature performance; also it is not enough to make a lowtemperature grade change.
BBR Test Results of Asphalt Binders
SEM Images Analysis
The SEM images of nanosilica modified asphalt are helpful to understand the microstructure change of modified asphalt, as well as the physical dispersion of nanosilica particles. As shown in Fig. 1 , the microstructure of nanosilica modified asphalt binder was changed significantly compared to the control asphalt binder. The SEM images of nanosilica modified asphalt binder present the well-dispersed nanosilica particles in the asphalt matrix. Due to the agglomeration of nanosilica, the surface of nanosilica group reacts with the asphalt binder, and the size of nanosilica group becomes smaller. The new structure of nanosilica modified asphalt binder is formed, and the nanosilica group, white particles in asphalt matrix, is glued uniformly with the asphalt binder. The nanosilica dispersion in the asphalt binder may be helpful for the modulus improvement of nanosilica modified asphalt mixture. In addition, from the FTIR (Figs. 11-13 ) of control and nanosilica modified asphalt binder, the ratio of stretching OH group in the asphalt, which is centered around 3,594 cm −1 , and 3,735 cm −1 , is increased. It also proves that nanosilica is physically dispersed in the asphalt. From the SEM and FTIR examinations it can be seen that the new constituents from reactions and dispersions have high melting and boiling points, and may improve the temperature resistance of modified asphalt binders.
FTIR Test Results of Asphalt Binders
In this study, the FTIR test was employed to evaluate the chemical bonding changes of control and nanosilica modified asphalt binder, and the results are shown in Figs. 11-13 . In the Figures, the strong peaks around 2;850 cm −1 and 2,920 cm −1 is typical C-H stretching vibrations in aliphatic chains (Larsen et al. 2009) . The peak at around 966 cm −1 is attributed to bending C-H trans-disubstituted −CH ¼ CH ¼ of butadiene block (ethylene band). The band at around 1;030 cm −1 is assigned to stretching sulfoxide. The aliphatic branched band (bending C-H of CH 3 ) and aliphatic index band (bending C-H of −ðCH 2 Þ n − ) are observed at 1;376 cm −1 and 1;460 cm −1 respectively. The 1;600 cm −1 and 1;690 cm −1 bands correspond to the aromatic band (stretching C=C aromatic) and carbonyl band, (stretching C=O conjugated) respectively (Ouyang et al. 2006; Larsen et al. 2009; Zhang et al. 2011) .
In Figs. 11-13, it is apparent that the FTIR Figure trends of control and nanosilica modified asphalt binder is different between 975 cm −1 and 1,400 cm −1 . That proves the microstructure of nanosilica modified asphalt binder is changed relative to the control asphalt binder, and it corresponds with the previous guess. In addition, the unaged, RTFO-aged and PAV-aged FTIR figures trends of control and nanosilica modified asphalt binder are similar. In order to estimate the chemical bonding changes and avoid the thickness effect of the asphalt sample films, the peaks area ratio of bands were used and calculated from Eqs. (4)- (9) (Ouyang et al. 2006; Larsen et al. 2009; Zhang et al. 2011) . The bands ratio changes results are shown in Table 2 : Table 2 demonstrates the ratio changes of bands in the control and nanosilica modified asphalt binder. Based on the literature review ( Leontaritis and Mansoori 1988; Mansoori 1997; Cortizo et al. 2004; Ouyang et al. 2006; Larsen et al. 2009; Xu and Huang 2010a; Zhang et al. 2011) , the carbonyl (C=O) and aromatic indexes (C=C) will be increased after the RTFO and PAVaging. However, sulfoxide index (S=O) in the asphalt mostly increases after the RTFO aging process and probably decreases after the PAV aging process. Therefore, the sulfoxide index is not suitable for the aging index, and carbonyl index is chosen as an aging index. From the Table 2 , the carbonyl index of nanosilica modified asphalt binder increased after the PAV aging process, however, it decreased slightly after the RTFO aging process relative to the unaged binder. That means that with the addition of nanosilica into the control asphalt, the aging process of asphalt binders may be weakened and delayed. The asphaltenes, aliphatic, and resins are the most important compounds in the asphalt, and asphaltenes are hydrogenated . FTIR spectra analysis of control asphalt binder into the polycyclic aromatic or hydroaromatic hydrocarbons (carbon atoms form rings). Therefore, the aromatic amount increased in the asphalt binder after the RTFO and PAV aging processes. In addition, the aliphatic compounds are opposite to the aromatic compounds in the organic chemistry. The carbon atoms in the aliphatic are arranged in a linear chain. When the asphalt is heated, the aliphatic compounds soften first and make the asphalt temperature sensitive. After the RTFO and PAV aging, the asphalt binder becomes stiff and the aliphatic molecules in the asphalt binder will decrease. Because of the ABS modification in the control asphalt (Dong et al. 2001; Cortizo et al. 2004) , the ethylene index is noticed in the FTIR test images. The ethylene index (CH=CH) decreased in the asphalt binder after the RTFO and PAV aging processes, and it shows that poly-butadiene part in the asphalt underwent the degradation during the RTFO and PAV aging processes. In summary, the nanosilica material is a good modifier in inhibiting oxidizing reactions in the asphalt binder.
Dynamic Modulus Test Results of Asphalt Mixtures
Fig. 14 shows the dynamic modulus results of control and nanosilica modified asphalt mixtures. The dynamic modulus of nanosilica modified asphalt mixture is higher than the control asphalt mixture. The additional nanosilica in the asphalt mixture improves the modulus of asphalt mixture by an average of 30%. The results indicate that the nanosilica modified asphalt mixture has more possibilities to resist the permanent deformation compared to the control asphalt mixture. The dynamic modulus of 6% nanosilica modified asphalt mixture is slightly higher than the 4% nanosilica modified asphalt mixture at the high temperatures, and lower than the 4% nanosilica modified asphalt mixture at the low temperatures. These results imply the 6% nanosilica modified asphalt mixture is softer than 4% nanosilica modified asphalt mixture at low temperatures and stiffer at high temperatures. Compared to 4% nanosilica modified asphalt mixture, 6% nanosilica modified asphalt mixture has better high-temperature and low-temperature performance. It is possible that the more nanosilica is added in the control asphalt, the higher dynamic modulus of nanosilica modified asphalt mixture is shown. The microstructure of asphalt binders partly determines the macro-performance of asphalt mixture. In the SEM images ( Fig. 1 ) of nanosilica modified asphalt binder, the structure of asphalt binders strengthens the bonding connections between the aggregates and asphalt binder compared to the control asphalt binder. Meanwhile, the multilayer structures of the nanosilica-modified asphalt binder are probably similar to the calcium silica hydrate (CSH) and calcium hydroxide (CH) structures of concretes with nanosilica. These changes in the asphalt binder and mixture cause the dynamic modulus improvement of nanosilica modified asphalt mixture.
APA Rutting Test Results of Asphalt Mixtures
Fig. 15 displays the APA rut depths of control and nanosilica modified asphalt mixtures. As shown in the figure, the nanosilica modified asphalt mixture has the lower depths than the control asphalt mixture, and the rut depths of 6% nanosilica modified asphalt mixture is also lower than the 4% nanosilica modified asphalt mixture. APA rutting test is a kind of simulative tests for the pavement performance evaluation at high temperatures, and the test results have good correlation with the field data. It is noted that the rutting susceptibility of asphalt mixture is reduced significantly with the additional nanosilica in the control asphalt. As shown in the SEM images of nanosilica modified asphalt binder (Fig. 1) , the structure of modified asphalt binder are good for strengthening the coating property of asphalt binders compared to the control asphalt binder. As stated above, the reacting between the asphalt binder and nanosilica makes the nanosilica from the hydrophilic surfaces to hydrophobic surfaces. Due to the microstructure changings of nanosilica modified asphalt binder, the bonding property between the aggregates and binder may be enhanced, and the dense framework structure of nanosilica modified asphalt mixture may be formed. These transformations of nanosilica modified asphalt binder also are critical to increase the possibility to resist the rutting of asphalt pavement at high temperatures. The antistripping property of asphalt mixture also increases with the addition of nanosilica in the control asphalt mixture. The APA results of control and nanosilica modified asphalt mixtures are coincident with the prediction from dynamic modulus data.
Flow Number Test Results of Asphalt Mixtures
Fig . 16 demonstrates the flow number results of control and nanosilica modified asphalt mixtures. The flow number value of control asphalt mixture is lower than the nanosilica modified asphalt mixture. With the addition of nanosilica into the control asphalt mixture, the flow number of nanosilica modified asphalt mixture increases by an average of 300%. This indicates that the nanosilica modified asphalt mixture has more possibilities to resist the permanent deformation than the control asphalt mixture at high temperatures. Meanwhile, the resilient modulus of nanosilica modified asphalt mixture is higher than the control asphalt mixture at high temperatures. So, the nanosilica modified asphalt mixture is stiffer than the control asphalt mixture at high temperatures. As indicated above, the nanosilica has a reaction with the asphalt binder, and the nanosilica surface property is changed, which is good for the nanosilica melting and dispersion in the asphalt matrix. More important, the changing of asphalt binders brings the macro performance improvement of nanosilica modified asphalt mixture.
Conclusions
Based on the results of the tests of nano-modified asphalt binder and control asphalt binder PG 58-34, the following conclusions can be drawn:
1. With the addition of nanosilica in the base asphalt binder, the viscosity values of nano-modified asphalt binder decrease slightly. Lower viscosity of the binder indicates that a lower compaction temperature or lower energy consumption of the construction process will be achieved. 2. The complex shear modulus of nanosilica modified asphalt binder generally decreases slightly relative to the control asphalt binder; except that the complex shear modulus of nanosilica modified asphalt binder at 13°C after the PAV aging increases slightly. However, from the rutting and fatigue cracking dissipated work standpoints, nanosilica modified asphalt binder has better high-temperature performance relative to the control asphalt binder before or after the RTFO and PAV aging processes. The addition of nanosilica into the control asphalt improves the recovery ability of asphalt binders. 3. The SEM images show that the microstructure of nanosilica modified asphalt binders changed compared to the control asphalt binder. A good dispersion of nanosilica particles in the asphalt binder matrix is observed. 4. BBR test results show that the low-temperature grade of nanosilica modified asphalt binder is the same as the control asphalt binder, and the properties and stress relaxation capacity of nanosilica modified asphalt binder is the same as the control asphalt binder. 5. With the addition of nanosilica into the control asphalt, the oxidant reactions and aging process of nano-modified asphalt binder are reduced and delayed, as indicated by the ratio changes of chemical bonding. 6. The dynamic modulus of nanosilica modified asphalt mixture increases significantly relative to the control asphalt mixture. The 6% nanosilica modified asphalt mixture has higher dynamic modulus than 4% nanosilica modified asphalt mixture at high temperatures. These indicate that the rutting resistance performance of nanosilica modified asphalt mixture improves. 7. The APA rutting results show the rut depths of nanosilica modified asphalt mixture decrease extremely compared to the control asphalt mixture. This implies that the rutting resistance and antistripping property of nanosilica modified asphalt mixture greatly improve. 8. The flow number and resilient modulus of nanosilica modified asphalt mixture tremendously increase with the addition of nanosilica into the control asphalt mixture. It infers that the additional nanosilica in the asphalt mixture promotes the improvement of rutting resistance. Therefore, the antiaging performance and fatigue cracking performance of nanosilica modified asphalt binder and mixture are enhanced and the rutting resistance and antistripping property of nanosilica modified asphalt mixture are also enhanced significantly. Meanwhile, the addition of nanosilica into the control asphalt binder does not greatly affect the low-temperature properties of asphalt binders and mixtures. Furthermore, the research team is attempting to fully disperse the nanosilica in the asphalt binder so as to achieve the full potential of the nano-modification, and find out more details about the microstructural changes of nanomodified asphalt binders. study. The experimental work was completed at Michigan Technological University. Any opinions, findings, and conclusions or 
